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DC-DC converters play a vital role in a wide range of industrial applications,
including fuel cells, marine vessels, and photovoltaic systems. A subset of DC-DC
converters is bi-directional DC-DC converters, which allow the power to flow from
the common DC bus to the energy storage and vice versa. In order to achieve high
energy efficiency and extend the lifetime of the energy storage, it is necessary to
minimize the output current and voltage ripple of the converter. In addition to
this, a small filter size is preferred to improve cost-effectiveness.
This thesis studies different solutions for the output filter of the bi-directional
interleaved three-phase DC-DC converter. The objective is to find the most
cost-effective design with improved power density. In this thesis, three filter designs
are presented and compared: LC, LCL, and the coupled-inductor. Filters are
dimensioned to maintain the same output current ripple level and reduce the size
and cost of the design compared to a reference L filter of 360 µH. AC equivalent
circuit analysis is performed to determine sufficient component values for the filters.
The performance of the dimensioned filter options is verified through simulation.
The LC filter is found to be the most cost-effective solution for the output filter of
the bi-directional interleaved DC-DC converter. By adding a DC film capacitor
to the filter circuit, the filter inductance can be reduced by 50 %, which leads to
significant material reduction. However, the solution increases both the current
stress of the semiconductors and the overall losses of the system.
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Tasasähkökatkojalla on useita tärkeitä käyttökohteita teollisuudessa mukaan
lukien polttokennot, laivojen sähköjärjestelmät ja aurinkosähköjärjestelmät.
Kaksisuuntaiset tasasähkökatkojat ovat tasasähkökatkojien alakategoria, joka
mahdollistaa tehon siirtymisen DC-kiskoilta energiavarastoon ja päinvastoin.
Tasasähkökatkojan lähtövirran ja -jännitteen sykkeisyyden pienentäminen on
tärkeää järjestelmän energiatehokkuuden parantamiseksi ja energiavaraston eliniän
pidentämiseksi.
Tämä työ tutkii erilaisia vaihtoehtoja kaksisuuntaisen kolmivaiheisen tasasäh-
kökatkojan lähtösuodattimelle. Työn tavoite on löytää kustannustehokkain ja
järjestelmän tehotiheyttä parantava vaihtoehto. Työssä esitellään kolme eri
suodatinratkaisua: LC, LCL ja kytketty kuristin. Suodatinratkaisujen mitoituksen
lähtökohta on ylläpitää sama lähtövirran sykkeisyys ja pienentää suodattimen
kokoa ja materiaalikustannuksia verrattuna 360 µH L-suodattimeen. Suodatin-
ratkaisujen komponenttiarvot määritettiin sijaiskytkentäpiirien AC-analyysillä ja
suorituskyky varmistettiin piirisimuloinneilla.
Työssä LC-suodatin osoittautui kustannustehokkaimmaksi suodatinratkaisuksi
kaksisuuntaiselle tasasähkökatkojalle. Suodattimen induktanssia voidaan pienentää
jopa 50 % lisäämällä suodatinpiiriin filmikondensaattori. Pienempi induktanssiarvo
vähentää myös suodattimen materiaalikustannuksia. Suodatinratkaisu kuitenkin
lisää puolijohteiden virtarasitusta ja kasvattaa koko järjestelmän häviöitä.
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Symbols and abbreviations
Symbols
a Steinmetz coefficient for determining core loss
Ac Cross-sectional area of the magnetic core
B, B Magnetic flux density
Bˆac Peak value of the flux density
Bmax Maximum allowed flux density
Bp2p Peak-to-peak flux density
Br Remanence flux density
Bsat Saturation flux density
C Capacitance
Cf Filter capacitance
D Duty cycle
E Electric field intensity
EBatt Electromotive force of a battery
En Sinusoidal voltage source
Err Reverse recovery energy of a diode
Esw Rated switching loss energy per pulse
f Frequency
f0 Resonance frequency
fsw Switching frequency
H, H Magnetic field intensity
Hc Coercivity field intensity
He Effective magnetic field intensity
i Instantaneous current
ic Capacitor current
icond Semiconductor current during the conduction period
iL Inductor current
iL,peak Peak value of the inductor current
io Output current
io,p2p Output current ripple
Ic,p2p Average output current ripple of coupled-inductor
IC Collector current
IDC DC current
IL Average inductor current
IL,crit Critical inductor current
In,p2p Average phase current ripple
Inc,p2p Average output current ripple of non-coupled inductor
Inom Reference commutation voltage of a semiconductor
Io Average output current
Ip Peak current
j Harmonic number
J , J Electrical current density
viii
k Steinmetz coefficient for determining core loss
ke Eddy-current loss coefficient
ki Material parameter of iGSE
l Total length of the magnetic path
lc Mean length of the magnetic core
lg Total air gap length
L (Self-)inductance
Leq Equivalent inductance
Lf Filter inductance
Llk Leakage inductance
Lmin Minimum filter inductance
Lnc Inductance of the non-coupled inductor
Lss Steady-state inductance
Ltr Transient inductance
mL Total mass of the inductor
M Mutual inductance
n Number of phases
ns Effective phase count
N Number of turns
Pc Core loss
Pcond Average conduction loss
Pec Eddy-current loss
Pc Core loss per unit volume
Psw Switching loss of a semiconductor
Pw Winding loss
RBatt Equivalent series resistance of a battery
< Magnetic reluctance
<g Reluctance of the air gap
<c Reluctance of the core
s Laplace variable
S, S Enclosed surface
t Time
Tc Curie-temperature
Tcore Core temperature
Tsw Switching period
Tw Winding temperature
u Instantaneous voltage
ucond Semiconductor voltage during the conduction period
uL Inductor voltage
U Average voltage
UCE IGBT collector-emitter voltage
UDC DC input voltage
UES Energy storage voltage
UGE IGBT gate-emitter voltage
UGE(th) IGBT threshold voltage
ix
Uin Average input voltage
Unom Reference commutation voltage of a semiconductor
Uo Average output voltage
Vc Volume of the magnetic core
Wc Core loss per one hysteresis cycle
xyoke Inductor core length
yyoke Inductor core width
ztot Total height of the filter inductor
Ztot Total impedance
α Coupling coefficient
β Steinmetz coefficient for determining core loss
∆ Variable change
 Permittivity of the medium
µ Magnetic permeability
µ0 Permeability of the free space, 4pi × 10−7 [H/m]
µe Effective permeability
µr Relative permeability of the material
ρ Electrical resistivity
τ Turn-on period of a semiconductor
Φ Magnetic flux
Φc Magnetic flux in the core
Φg Magnetic flux in the air gap
Abbreviations
AC Alternating current
CCM Continuous-conduction mode
DC Direct current
DDC Bi-directional interleaved three-phase DC-DC converter
DCM Discontinuous-conduction mode
DV Design variable
EMI Electromagnetic interference
ES Energy storage
ESR Equivalent series resistance
FOM Figure of merit
IGBT Insulated-gate bipolar transistor
MMF Magnetomotive force
PFC Power-factor correction
PQ Power quality
PWM Pulse-width modulation
RM Rectangular modular
SE Steinmetz Equation
iGSE improved Generalized Steinmetz Equation
1 Introduction
DC-DC converters play an important role in a wide range of industrial applications,
such as fuel cells, marine vessels, and photovoltaic systems. In addition to these,
DC-DC converters are an essential building block in systems that handle conversions
between AC and DC voltages. [1] There are multiple different DC-DC converter
topologies, all of which can be categorized as transformer-isolated or non-isolated, as
well as unidirectional or bi-directional.
This thesis studies a bi-directional interleaved three-phase DC-DC converter (DDC)
focusing on the output filter design. In a DDC, energy can be transferred through
the power unit in both directions between the common DC bus and the energy
storage (ES). For example batteries, supercapacitors, and fuel cells can work as
energy storage. The energy storage allows for several benefits compared to a system
without one. Compensating peak power demand, smoothing power variations in
the system, and providing back-up power in case of a blackout are just a few examples.
Energy efficiency, reliability, high power density, and cost-efficiency are critical fea-
tures of an economically feasible power electronic system [1]. As such, it is necessary
to minimize the current and voltage ripple of the ES in order to reduce the internal
losses and achieve high energy efficiency [2]. Increased current ripple leads to higher
temperatures of the ES, which may shorten the lifetime of the system [3]. Even
though the output current ripple of the DDC is significantly reduced by virtue
of an interleaved control method, additional filtering of unwanted high-frequency
components is required.
The objective of this thesis is to find the most cost-effective output filter design
for DDC with improved power density. Important design parameters for the filter
include output current ripple, efficiency, size, and cost. The thesis presents three
different output filter designs: LC, LCL, and the coupled-inductor. With higher-order
filter topologies, such as LC and LCL, it is possible to reduce the size of individual
components. In turn, a coupled-inductor reduces the current stress of semi-conductor
switches while maintaining the same output current ripple. The resulting filter
designs are compared to a reference inductor design of 360 µH.
The thesis is divided into chapters as follows. Chapter 2 discusses the basics of switch-
mode DC-DC converters including, step-up and step-down topologies, operation
modes of the converter, interleaved bi-directional DC-DC converter, and losses in
DC-DC converters. Chapter 3 presents the fundamentals of electromagnetism and the
theory behind the design of inductive components. Chapter 4 discusses the solution
alternatives for the output filter of the DDC. Chapter 5 presents the dimensioning
of the three previously mentioned filter designs and the simulation models to verify
the calculated results. Equivalent circuit analysis is performed for each solution to
determine sufficient component values. Based on the calculations and simulation
results, three example filter inductor designs are introduced and compared. Finally,
the conclusion of the study is presented in Chapter 6.
22 DC-DC converter
Many industrial applications, such as fuel cells, photovoltaic systems and energy
storage, require DC voltages, and currents to be converted to a specific level. A
DC-DC converter is an electric power converter that uses high-frequency switching
to regulate voltage levels. The output DC voltage level can be modified by adjusting
the duty cycle D. [1]
A bi-directional interleaved three-phase DC-DC converter (DDC) is a type of con-
verter in which the power can flow in or out of the converter. When the power flows
towards the load, the converter works like a Buck converter. Equivalently, when the
power is transferred from the load to the converter, the device operates as a Boost
converter. The structure and operation of the DDC are further discussed in Chapter
2.3.
This chapter focuses on the operation of the bi-directional switch-mode DC-DC
converter as well as the Buck and Boost converters incorporated in its topology. The
converters are analyzed in steady state and in periodic operation with switching
frequency fsw. The semiconductor switches and passive components (L and C) are
considered ideal, and as such, the losses of these components are neglected, and the
switching is immediate.
2.1 Buck and Boost converter
A Buck converter is presented in Figure 1. This type of converter is also called a
step-down converter since the average output voltage Uo is always lower than the
average input voltage Uin. In the converter, a power transistor and a diode operate
as a bi-positional switch, which can be either on or off. When the switch is on,
the transistor is conducting, and a positive voltage is applied across the inductor,
uL = Uin − Uo. This causes the inductor current iL to increase linearly. After the
transistor is switched off, the inductor current continues to flow through the diode.
However, since the voltage across the inductor is now negative, the inductor voltage
equals uL = −Uo, which causes the inductor current iL to decrease and the magnetic
energy in the inductor to be transferred to the load. [4]
In steady state, the average voltage across the inductor over the switching cycle is
1
Tsw
∫ Tsw
0
uLdt = 0 (1)
3Equation (1) implies that the areas A and B from Figure 2 must be equal. Therefore,
(Uin − Uo)D = Uo(1−D) (2)
from which
D = Uo
Uin
(3)
Figure 1: Buck converter.
Figure 2: Currents and voltages of the Buck converter during one operation cycle.
A Boost converter is also called a step-up converter, since the average output voltage
Uo is higher than the input voltage Uin. The structure of a Boost converter is shown
in Figure 3. Similar to a Buck converter, there is a bi-positional switch which consists
of a power transistor and a diode. When the transistor is conducting, the input
4voltage Uin is applied across the inductor which causes the inductor current iL to
increase linearly as seen in Figure 4. When the transistor is turned off and the diode
becomes forward biased, the current flows to the load. During the switching cycle,
energy is stored in and released from the inductor while iL increases and decreases
respectively. [4]
Figure 3: Boost converter.
Again, Equation (1) indicates that the areas A and B must be equal. Therefore,
UinD = (Uo − Uin)(1−D) (4)
from which
Uo
Uin
= 11−D (5)
Figure 4: Currents and voltages of the Boost converter during one operation cycle.
5These analyses hold only in the continuous-conduction mode (CCM) when the
inductor current flows continuously, i.e. iL > 0. If iL reaches zero, the converter
enters discontinuous-conduction mode DCM. There is no current flow in the circuit
until the beginning of the next switching cycle since the current direction cannot
reverse. Recognizing the correct operation mode of the converter is crucial since the
derived equations for duty cycle are not valid in DCM. [5]
2.2 Discontinuous Conduction Mode (DCM)
Due to their structure, unidirectional DC-DC converters have two operation modes:
continuous-conduction and discontinuous conduction mode. When the output load
decreases while the duty cycle D remains unchanged, the average inductor current
IL decreases until the instantaneous inductor current iL reaches zero at the end of
the switching cycle. This average inductor current is known as critical inductor
current IL,crit. Since in unidirectional DC-DC converters the power and current flow
cannot reverse, the converter enters discontinuous conduction mode (DCM) below
the critical inductor current IL,crit, and the inductor current remains zero until the
beginning of the next switching cycle. [1]
Figure 5: The critical current of a Buck converter.
Figure 5 shows the critical inductor current of a Buck converter. As seen from the
figure, the critical inductor current IL,crit is half the inductor current peak value
iL,peak. From this definition, the critical inductor current can be calculated for Buck
and Boost converters as follows.
For the Buck converter:
IL,crit =
1
2iL,peak =
DTsw
2L (Uin − Uo) (6)
For the Boost converter:
IL,crit =
1
2iL,peak =
UoTsw
2L D(1−D) (7)
6In DCM, the interval of inactivity increases device stresses and ratings of the passive
components. In addition to this, the operation mode results in more EMI and noise.
Thus, DC-DC converters with a power range above a few tens of watts are designed to
operate mainly in CCM. [1] This thesis assumes continuous-conduction mode in all
calculations and simulations. The inductance of the converter circuit is dimensioned
so that the converter operates in CCM at nominal output current.
2.3 Interleaved bi-directional DC-DC converter
Multiphase DC-DC converters are widely used in power electronic applications due
to their several advantages over their single-phase counterparts. Single-phase DC-DC
converters have some limitations in high-current applications related to large current
ripple and high power loss in the filter inductor. Multiphase DC-DC converters
reduce the current and voltage stress of the semiconductor switches. Also, step-up
and step-down converters are not applicable for bi-directional power transmission.
[6][7]
Figure 6: Bi-directional DC-DC converter.
Figure 6 shows the structure of a bi-directional three-phase DC-DC converter. The
converter consists of six switches, two for each converter leg. An IGBT and an
antiparallel connected diode form one bi-positional switch. The structure is the
same for a two-level inverter which allows versatile use of the power module. Here,
the converter structure serves as three parallel-connected Buck or Boost converters,
depending on the direction of the power flow. [6]
7Figure 7: Buck and Boost mode operation of a bi-directional interleaved DC-DC
converter.
Figure 7 describes both operation modes of the DDC. In Buck mode, only the
upper IGBT and the lower diode of each converter leg are conducting alternatingly.
When the IGBT is switched on, the diode becomes reverse-biased, and the inductor
current increases linearly. After switching off the IGBT, the current continues to flow
through the diode, since the current direction cannot change abruptly. Respectively,
in Boost mode, only the lower IGBT and upper diode are conducting.
In the interleaved multiphase DC-DC converter, each phase-leg is controlled indepen-
dently of the other two legs. Control waveforms are similar to those for single-phase
DC-DC converter, except that each leg is phase-shifted by Tsw/n. [1] The output
current of the interleaved converter Io is the sum of the phase currents. The output
current ripple of n-phase interleaved converter for given switching frequency, duty
cycle and inductance can be calculated as follows
io,p2p = ns
DUDC(1−D)
Lfsw
(8)
ns =
(
D − bn ·Dc
n
)
·
(
1 + bn ·Dc
n
−D
)
D(1−D) (9)
where ns is the effective phase count. With interleaved modulation and appropriate
phase shift among the parallel switches, the ripple components of both the input
8and output current are greatly reduced since switching ripples cancel each other.
Figure 8 shows the output and phase currents of a three-phase interleaved DC-DC
converter. The maximum current ripple is divided by the number of interleaved
phases and the frequency of the ripple is n ·fsw. Lower current ripple reduces the size
of the passive components and allows the use of a lower switching frequency. Lower
switching frequency also reduces the switching losses of the semiconductors. [3][8]
Figure 8: Output and phase currents of a three-phase interleaved DC-DC converter.
2.4 Losses in DC-DC converters
In switch-mode power converters, the semiconductor devices must be able to control
the power flow to the load with minimum power dissipation. High power dissipation in
the semiconductors increases the junction temperature and could lead to degradation
in electrical characteristics and thermal runaway. Therefore, losses of semiconductor
devices are an essential design criterion that affects cooling and energy efficiency of
a converter. Primarily, the losses of the module occur in semiconductor devices. At
power levels of few MWs and switching frequencies below a few tens of kHz, an IGBT
is the most commonly used switching component in switch-mode power converters.
[1][9] This chapter describes the switching characteristics and the power dissipation
of the IGBT.
Figure 9 presents the current and voltage waveforms for the turn-on and turn-off
for the IGBT. First, the current flows through the upper diode in Figure 9. At
t0, the lower IGBT is turned on by a positive gate drive voltage. The gate-emitter
voltage UGE rises, and at t1, it exceeds the threshold voltage UGE(th). The current
through IGBT increases as the current through the diode decreases. The reverse
current of the diode generates a peak in the collector current waveform. Between t2
and t3, the collector-emitter voltage decreases quickly as the voltage over the diode
increases; making the diode current sharply decrease. Once the reverse recovery time
is over, the gate-emitter voltage remains constant due to the Miller-capacitance until
the collector-emitter voltage reaches zero at t4. After this, the gate-emitter voltage
increases to the value of the gate drive voltage. [10]
9Figure 9: IGBT current and voltage waveforms during the turn-on and turn-off. [11]
The turn-off of the IGBT involves the events that occurred during the turn-on in the
reversed order. At t5, the gate input voltage changes to blocking state value, which
causes the gate-emitter voltage to decrease. Shortly after this, the collector-emitter
voltage begins to rise. Between t6 and t7, the Miller effect momentarily prevents
the decrease of the gate-emitter voltage. At t8, the UGE is dropped below the level
required to sustain the current flow, which results in the rapid decrease of the collector
current. The "tailing" current continues to flow even after the collector-emitter volt-
age has stabilized. The IGBT is not switched off until the collector current is zero. [10]
Losses of the semi-conductor switches consist of conduction losses and switching
losses. During turn-on and turn-off, power loss occurs primarily during the crossover
time when both voltage and current are relatively high. The average conduction loss
over the switching cycle for the diode or IGBT is
Pcond =
1
Tsw
∫ τ
0
ucond(t) · icond(t) · dt (10)
10
where Tsw is the switching period, ucond is the voltage over the component, i.e. DC
input voltage, icond is the current through the component, i.e. inductor current, and
τ is the turn-on period. [12]
This thesis assumes a linear loss model for semi-conductor switching, i.e., switching
losses are linear with respect to the current and voltage. Switching losses for IGBT
and diode are linearized according to Equation (11)
Psw = fswEsw
i
Inom
UDC
Unom
(11)
where fsw is the switching frequency, Esw is the rated switching loss energy per pulse
for given reference commutation current Inom and voltage Unom, i is the instantaneous
value of the current, and UDC is the DC input voltage. For diode, the losses due to
reverse recovery energy are calculated using the same equation, the switching energy
of Equation (11) is changed to reverse recovery energy of the diode Err. [12][13]
As seen from Equations (10) and (11), losses of the IGBT are directly proportional
to the switching frequency. At higher switching frequencies, the switching losses
dominate over the conduction loss. Thus, increased semiconductor losses and limited
cooling capacity restrict the switching frequency of the DDC. [4]
11
3 Magnetic theory
Magnetic components, such as inductors and transformers, are widely used in power
electronics. This chapter discusses the theory behind inductor design, including the
fundamentals of electromagnetism and magnetic components. The chapter presents
different inductor core shapes and materials as well as outlines hysteresis and losses
in magnetic materials.
3.1 Electromagnetic laws
Maxwell’s laws together with Lenz’s law form a basis for magnetic theory and are
useful when designing transformers and inductors. A conductor carrying electrical
current induces a magnetic field around the conductor. The direction of the magnetic
field intensity H is determined by a thumb-rule. According to the rule, if a conductor
is held in right hand, the thumb shows the direction of the current while the other
fingers indicate the direction of the magnetic field. [14] According to Ampère’s
law, the integral of H around a closed path equals the current flowing through the
enclosed surface: ∮
l
H · dl =
∫
S
J · dS + ∂
∂t
∫
S
εE · dS (12)
Here the latter term, also referred as displacement current, is neglected. In power
electronics, the current density J is assumed to have a magnitude of 106 A/m2 and
the second term, or displacement current, is assumed to be no more than 10 A/m2.
[14] Both sides of the equation represent a phenomenon called magnetomotive force
(MMF). If the MMF is produced by a current carrying coil with N turns, Equation
(12) simplifies to form: ∮
l
H · dl =
∫
S
J · dS = Ni (13)
A time-changing flux Φ(t) through a closed path induces a voltage to the loop. The
sign of the voltage is opposite to the rate of change of the flux. Faraday’s law
describes this relation between the generated voltage and the time-changing flux as∮
l
E · dl = − d
dt
∫
S
B · dS (14)
where
Φ =
∫
S
B · dS (15)
Φ is the magnetic flux passing through a surface. Magnetic field density from Fara-
day’s law and magnetic flux density from Ampère’s law are linked to each other. [14]
This connection is called magnetic permeability µ
B = µH = µrµ0H (16)
12
Gauss’s law for magnetics circuits states that a total flux through a any closed surface
S is zero. Therefore, the total flux entering the the volume is always equal to the
flux coming out of the volume, i.e. magnetic monopoles do not exist. It is analogous
to the Kirchoff’s current density law. [14]
∮
S
B · dS = 0 (17)
3.2 Magnetic circuits
Inductors can be used to filter high-frequency components, limit rapid current changes
and store energy in the magnetic field [10]. In this thesis, the inductors are mainly
used for filtering high-frequency components from the output current. Furthermore,
the operation of a DC-DC converter requires a large enough inductor for temporary
energy storage. Inductance characterizes the tendency of an electrical conductor to
oppose the change in electric current flowing though the component. By definition,
inductance is the derivative of the flux linkage:
L = N dΦ
di
(18)
Figure 10: Magnetic circuit with and air gap, both physical structure and equivalent
circuit. [14]
According to Faraday’s law (14), a changing current flowing through an inductive
component induces a voltage opposite to the rate of change. Therefore, a voltage
over an ideal inductor is:
uL = L
di
dt
(19)
Figure 10 shows a simple magnetic circuit with an air gap. A coil with N turns
carrying AC current produces MMF in the circuit and magnetic flux Φ flows through
13
the core. The relation between the magnetomotive force and the magnetic flux is
called reluctance <. Reluctance of the magnetic material characterizes the core
resistance to the magnetic flux flow and is analogous to electric resistance. The
equivalent circuit of the magnetic structure is shown in Figure 10. The magnetic field
intensity H is assumed to be uniform in both parts, i.e. fringing flux is neglected.
This assumption is valid only for small air gaps. According to Ampère’s law
Hlc +Hlg = Ni (20)
Applying Gauss’s law (17) to the equivalent circuit:
Φc + Φg = 0 (21)
Equation (20) can be written as:
Φ(<c + <g) = Hlc +Hlg (22)
where
< = l
µAc
(23)
The reluctance is directly proportional to the length of the magnetic path and
inversely proportional to the cross-sectional area of the core Ac. Furthermore,
magnetic reluctance depends on the permeability of the material. In magnetic
circuits, reluctances can be connected in series or in parallel like resistances in electric
circuits. However, magnetic reluctance is an energy storing element and not an
energy consuming one. [14][15]
3.3 Core materials
Important properties from the design point of view are saturation Bs, permeability
µ, resistivity ρ, coercivity Hc and remanence Br. Materials can be divided into
three groups depending on their magnetic properties: diamagnetic, paramagnetic and
ferromagnetic. For diamagnetic and paramagnetic materials, the relative permeability
is near unity. Paramagnetic materials are slightly magnetized when exposed to a
magnetic field. For diamagnetic materials, the relative permeability is slightly less
than unity, and therefore, they exclude magnetic fields. Ferromagnetic materials are
the most important group of core materials when designing magnetic components
for power electronics. Their relative permeability µr is on a magnitude of 10 to 100
000. However, when ferromagnetic material is heated above its Curie-temperature
Tc, the permeability of the material drops to 1 and both coercivity and remanence
become zero. [14]
Ferromagnetic materials consist of microscopic magnetized domains in the crystals of
the material. These are called Weiss domains. Without the influence of an external
magnetic field, they are randomly aligned resulting in zero net field in the material.
Figure 11 shows the B-H curve of the ferromagnetic material. In the beginning, the
magnetic field intensity H and the magnetic flux density B are both zero.
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Figure 11: Hysteresis loop and magnetization curve. [14]
First, when magnetic field intensity H increases, the flux density B also increases
along the numbered curve. The first section of the curve corresponds to reversible
Weiss domain wall displacements. In the second section of the curve, the domains are
subjected to a torque in the external field aligning them with the direction of the field.
When nearly all domains are aligned with the external field, further increase in field
intensity H does not result significant increase in flux density B. The magnetic flux
density has reached a saturation point Bsat in the third section of the curve. When
the external field is removed, the magnetic flux density also decreases but remains
non-zero. This value is called the remanence flux density Br. A reverse external
magnetic field needs to be applied to reduce the remanence flux density to zero.
The field intensity value at which flux density reduces to zero, is called coercivity of
the material Hc. If field intensity H further increases to the opposite direction, the
material is magnetized as described above and the magnetic flux density reaches the
saturation point. If H cycles between the maximum values, the curve traces out the
hysteresis loop shown in Figure 11. The area inside the hysteresis loop equals the
losses during one cycle. In the process of magnetization and demagnetization the
magnetic flux density lags behind the magnetic field intensity. This phenomenon is
known as hysteresis. [14][15]
Ferromagnetic materials can be further divided into soft and hard magnetic materials.
Soft magnetic materials are easy to magnetize and demagnetize. The coercivity force
Hc is low and the hysteresis loop is narrow, as seen in Figure 12. Most magnetic
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components in power electronics are made from soft magnetic materials. In hard
magnetic materials, also known as permanent magnets, the coercivity force Hc is high
and the material resists the external magnetic force. Permanent magnets produce
magnetic flux without an external field, thus making the remanence flux Br high.
Compared to the soft magnetic materials, the hysteresis loop is wide and resembles
a square, as shown in Figure 12. Generally, materials with Hc < 1000 A/m are
classified as soft magnetic materials while materials with Hc > 10 000 A/m are
classified as hard magnetic materials. [14]
Figure 12: Hysteresis loop of soft and hard magnetic materials. [14]
Desirable properties for an inductor material are low coercivity Hc and losses, as
well as high relative permeability µr, resistivity ρ, and saturation flux Bsat. Mainly
two types of materials are used in power electronic applications: ferromagnetic
materials and ferrites. Ferromagnetic materials are iron alloys which also contain
some amounts of chrome (Cr), cobalt (Co), nickel (Ni) and silicon (Si). Ferrites are
ceramic materials of iron oxides (Fe2O4) mixed with manganese (Mn), zinc (Zn),
cobalt and nickel. Ferrites have high resistivity ρ, but they are fragile and hard to
process. Advantages of ferrites include low losses even in higher frequencies (3 MHz).
As for ferromagnetic materials, they have low resistivity ρ, high Bsat and µr. [14]
Soft ferromagnetic material cores are made out of thin laminated stacks due to
their high electrical conductivity. Insulation layers between the metal sheets reduce
eddy-current losses. Iron is often alloyed with other elements for different applications.
Higher relative permeability is achieved by alloying iron with nickel whereas higher
saturation magnetic flux density Bsat is attained by alloying cobalt with iron. Silicon
steel is widely used in low frequency magnetic applications. Adding silicon to iron
reduces the resistivity of the material, and thus, eddy-current losses in the core. It
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also increases relative permeability of the alloy, reducing the hysteresis losses of
the core. Other advantages include reduction of acoustic noise due to reduction
of magnetostriction. However, silicon content decreases the saturation flux density
Bsat and Curie temperature Tc. Usually, silicon content is no more than 3% due
to mechanical processing difficulties above that level and avoiding brittle structure.
[14][16]
Anisotropic magnetic properties further reduce the hysteresis loss in laminated cores.
Since the magnetic flux passes in the direction of the laminations in laminated cores,
it is beneficial to increase the permeability of the material in this direction and reduce
it in the direction perpendicular to the lamination plane. In the grain-oriented silicon
steel, the permeability is higher in the rolling direction, hence reducing the hysteresis
loss and temperature rise in laminated cores. [14]
Powdered iron is manufactured from iron with low carbon content by grinding it into
small particles. Particles are electrically isolated from each other by coating them
with insulating material. As a result, powdered iron cores can store considerable
amount of energy in the non-magnetic binding material between the particles. The
core inherently provides an evenly distributed air gap in the structure, which lowers
the relative permeability. Powdered iron cores attain a high saturation flux den-
sity Bsat = 1.3 T, and have relatively high resistivity ρ and low eddy-current loss. [16]
Carbonyl iron cores are manufactured by heating carbonyl iron Fe(CO)5. The struc-
ture is microspherical and onionlike. The alloy contains 0.8 % carbon which affects
to hysteresis loss negatively. Therefore, carbon content is often reduced further. The
material has relatively low permeability, between 1 and 50. However, the permeability
is almost constant in contrast to magnetic field and frequency. Other advantages
include high saturation flux density Bsat = 1.9 T and temperature stability ranging
from -55◦ to + 150 ◦C. The losses per volume are higher than in the ferrite core at
the same induction level. Both powdered iron and carbonyl iron are easy to process
without special tools. The tolerance of the dimensions is lower compared to the
ferrite cores. [14]
Ferrites are chemically inert, hard and brittle metallic oxides. They are favored
material especially in high frequency applications because of their high resistivity.
In high frequencies the eddy-current losses are dominant. These are inversely
proportional to the resistivity of the material. Most commonly used ferrimagnetic
alloys are manganese-zinc (MnZn) and nickel-zinc (NiZn). MnZn ferrites have a
high relative permeability µr and high saturation flux density Bsat. NiZn ferrites are
characterized by a high resistivity up to 107 Ω·m, relatively low Curie temperature,
Tc = 150− 300◦ C and low saturation flux density Bsat. They are also difficult to
process and susceptible to mechanical stress such as vibration and high rate cooling.
[16]
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Amorphous materials are alloys of iron and magnetic or other transition metals. The
atomic structure of amorphous materials differs greatly from crystalline metals, since
it is similar to that of glass or liquids. The material is often referred as metallic
glass. The chemical, magnetic and mechanical properties of amorphous material are
different from those of crystalline metal alloys. The material is manufactured by
rapidly quenching hot molten metal by compressing it on a cooling roller. Rapid
cooling prevents the formation of the crystalline structure. Bsat varies from 0.7 T
to 1.8 T. The material has a linear hysteresis loop and high permeability. A thin
10-50 µm ribbon has low resistivity which leads to low eddy-current losses. The
Curie-temperature of the material is 350-450 ◦C. Losses in amorphous materials are
nearly independent of temperature changes and some materials even have a negative
temperature coefficient. [14]
Nanocrystalline materials are the newest magnetic material used in power electronic
applications. Nanocrystalline materials consist of ultrafine crystals, typically having
a size of 7-20 nm. These materials combine high saturation magnetic flux density Bsat
of silicon steel and low high-frequency losses of the ferrites. The initial permeability
is in the range of 15 000 to 150 000 and the Curie temperature of the material is
approximately 600 ◦C. However, nanocrystalline cores are very brittle and often need
to have extra protection, like epoxy coating or a plastic core box, against mechanical
stress. [14]
3.4 Inductor structure
The structure of an inductor is similar to the transformer. However, the purpose
of these components is different; it is beneficial for an inductor to store energy in
the magnetic field , unlike a transformer, for which this is not a desirable feature.
Adding an air gap to the core permits much higher levels of magnetic flux density
and thus increases the amount of energy stored in the inductor, compared to the core
without an air gap. Adding an air gap to the core increases the overall reluctance of
the magnetic component. A core with an air gap requires a larger current to achieve
the same magnetic flux as a core without an air gap. As a consequence, air gaps are
usually added to the inductor core to avoid saturation. [16][17]
Effect of the air gap on the magnetization curve is shown in Figure 13. The slope of
the curve equals the effective permeability of the of the magnetic component. As
seen from Figure 13, the air gap increases the linear part of the B-H curve. Without
an air gap, the magnetic flux is only limited by the material properties, making the
slope as steep as possible. Adding an air gap to the core results in a more stable and
predictable inductance at the expense of the overall inductance value. Increasing
the air gap can lead to additional EMI at higher frequencies and increased winding
losses. [15][16]
Magnetic cores are made in various shapes and sizes for different applications and
power ratings. Such shapes include toroids, pot cores, power quality (PQ) cores,
rectangular modular (RM) cores, CC cores, UU cores, UI cores, EE cores, and
EI cores. These core shapes are used in the design of inductors and transformers.
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Figure 13: The effect of the air gap in the magnetization curve. Without an air gap,
the field intensity corresponding to magnetic field density B1 is H1. Adding an air
gap to the core increases the corresponding field intensity value to He, flattening the
B-H curve.
Figure 14 a) shows a few common core shapes with windings. The windings can be
wound on a bobbin made of dielectric material. [16]
The choice of core geometry affects winding losses, production costs, and leakage flux,
which is defined as the magnetic flux outside the inductor. Leakage flux increases
the total magnetic flux in the core, which may lead to saturation of the core. [16]
There is almost no leakage flux in toroidal cores since the magnetic field is constrained
by the core material. Windings of the toroidal inductors are more expensive than in
bobbin wound inductors since the wire must be wound through the hole of the core.
[16]
In pot cores, the coil is wound on a bobbin and enclosed in core material. The
majority of the magnetic flux is in the interior of the core, leading to reduced leakage
flux. However, heat removal from the winding and the core to the outer surface is
restricted and may cause temperature to rise greatly in high-current applications.
The RM core is similar to the pot core except for sections cut off on both sides of
the skirt. Wider openings assist in heat removal and allow for the usage of thicker
wires. [16]
Core shapes in Figure 14 b) and their variations are suitable for high power appli-
cations. E cores are the most widely used core shapes because of their low cost
and availability in large sizes. The coil can be wound using conventional winding
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Figure14:Differentcoreshapesofinductivecomponents.a)Fivecommoncore
shapesandtheirwindingsandb)coreshapesusedinsheet,woundandpowdered
cores.[18]
machines,henceloweringtheproductioncost.AroundcenterleginEcoresshortens
thewindingmeanturnlengthby11%comparedtothesquarecenterlegwhich
reducesthemagnetwirecostandweight,windingresistance,andwindinglosses.InE
andUcores,thewindingsarenotcompletelysurroundedbymagneticmaterialwhich
increasestheleakageflux.However,themoreopenstructurealowsforincreased
airflow,whichreducesthetemperature.[16]EandUshapesarecombinedwithan
I-partoranothermatchingE-orU-part.EEandUIaretypicalshapesforlaminated
coreswhereasCCisatypicalshapeforwoundcores.[18]
3.5 Lossesin magneticcomponents
Lossesoftheinductorcanbecategorizedroughlytowindinglossesandmagnetic
corelosses. WindinglossescanbefurtherdividedintoAClossesandDClosses.
DClosscanbeexpressedwithDCresistanceofthecoilwhichcanbecalculated
usingthecrosssectionalareaofthewire,averageturnlengthandresistivityofthe
windingmaterial.Inlowfrequencies,DCresistancedescribesthewindinglosses
quiteaccurately.[18]
WhencalculatingACresistance,bothproximityeffectandskin-effectneedtobe
takenintoaccount.ThesephenomenaresultinnonuniformcurrentdensityJ,and
thus,increaselossesintheconductor.Atime-varyinghighfrequencycurrentinduces
amagneticfieldintheconductor.Theskineffectiscausedwhentheconductoris
affectedbyitsownmagneticfieldwhichinduceseddy-currentstothewire.This
causesthecurrentdensitytodecreasetowardsthecenterofthewire,i.e.thecurrent
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tends to flow at the surface of the wire. The proximity effect is also a result of eddy-
currents. The conductor is subjected to the magnetic field of adjacent conductors or
winding layers which induce eddy-currents to the wire. Magnetic fields of adjacent
conductors may add or subtract depending on the current direction. The proximity
effect is a major loss mechanism in high-frequency inductors and transformers. Due
to these two phenomena, the effective resistance of the conductor and the power loss
increase as the frequency increases. At low frequencies, the current takes the path of
the lowest resistance, but when the frequency increases, the current takes the path
of the lowest inductance. [16][18]
The air gap of the core increases winding losses. The magnetic flux lines do not travel
straight across the air gap. Instead, the flux lines bulge outward as the magnetic
lines repel each other in the nonmagnetic material. This effect called fringing is
shown in Figure 15. The fringing flux is proportional to the length of the gap. The
fringing flux induces eddy-currents in the winding when it penetrates the winding in
transverse direction. This may even lead to overheating in the vicinity of the air gap.
To prevent detrimental effects, long air gaps are divided into multiple smaller ones.
The winding should be spaced at least two gap lengths away from the air gap by
increasing the thickness of the bobbin. [16][18]
Figure 15: Fringing effect in the air gap of an inductor. [16]
Core losses of the inductor consist of eddy-current losses and hysteresis loss. Param-
eters affecting the core loss are the core geometry, material and thickness. When
magnetizing and demagnetizing the magnetic core, the energy flowing from the
source to the coil is greater than the energy returned to the source. The area of the
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hysteresis loop is proportional to the core loss per one hysteresis cycle
Wc = Vc
∮
H · dB (24)
where Vc is the volume of the magnetic core. The integral represents the energy loss
density in the core. Core loss represents the energy used to align and rotate magnetic
moments of the material. The core loss increases as the operating frequency and AC
flux density increase. The general form of the core loss per unit volume is
Pc = kfa(Bˆac)β (25)
where coefficients k, a, and β are empirically determined and depend on the core
material and frequency range, and Bˆac is the peak value of the flux density of the
applied field. This empirical equation is called the Steinmetz Equation (SE) and
the parameters k, a and β are accordingly called Steinmetz parameters. However,
SE is not always suitable for core loss calculation for several reasons. The equation
is valid only for sinusoidal excitation and the parameters are valid only for specific
flux density and frequency range. In addition to this, take equation does not take
account the possible premagnetization of the material. For more accurate core loss
calculation a variation of the improved Generalized Steinmetz Equation (iGSE) can
be used.
Pc = ki(2f)aBβp2p (26)
where ki, a and β are empirically determined material parameters and Bp2p is the
peak-to-peak flux density. [19]
Figure 16: Eddy currents in the inductor core. [14]
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According to Faraday’s law, a time-varying flux induces a voltage in the core. In-
duced voltage generates circulating eddy-currents in the conducting core, as seen
in Figure 16. Eddy-current losses in the core can be calculated with an equation
similar to Equation (25).
Pec = ke
f 2(Bˆac)2
ρ
(27)
where ke is the eddy-current loss coefficient and ρ is the resistivity of the core material.
Eddy-current losses are proportional to the induced voltage and inversely proportional
to the internal resistivity of the core. Thus, using high-resistivity or laminated core
material reduces the resistive eddy-current losses. [14][16]
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4 Filters in power electronics
Filters in power electronic converters mainly consist of inductors and capacitors.
In addition to these, some filter circuits, like snubbers and du/dt filters, include
resistances. However, these filters are not examined in this thesis. Simply put, on
the DC side, an inductor is smooths the output current, and a capacitor reduces
voltage ripple. [20] Optimal design of higher-order filters requires careful selection of
capacitance and inductance values. While higher-order filters consist of a greater
number of components, the individual component values are lower.
4.1 Design constraints
An output filter inductance of a DC-DC converter has various requirements and design
constraints related to converter operation and control. Important design parame-
ters include output current ripple, efficiency, and size. Actual filter design is often
a well-balanced compromise between different design parameters and overall cost [17].
Figure 17: Two inductor currents with different peak-to-peak values. The average
value of the currents is marked with dashed line. Decreasing filter inductance increases
the current ripple.
For high-power converters, high efficiency is a vital requirement. Therefore, mini-
mization of component losses is crucial. [20] Increasing filter inductance reduces the
phase current ripple, and thus, conduction loss of the semiconductors. The effect
on switching losses depends on the semiconductor device and, more precisely, the
relation of the turn-on and turn-off energies of the semiconductor device. Figure 17
shows two inductor currents with the same frequency and average value, differing only
in peak-to-peak value. It can be seen from the figure that as the peak-to-peak current
increases, the turn-on current decreases correspondingly while the turn-off current
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increases. Turn-on and turn-off energies vary depending on the semiconductor. For
example, in the case of Infineon IGBT module FS500R17OE4DP, the turn-on energy
is higher than the turn-off energy [21].
Filter inductance is often the bulkiest component of the DC-DC converter. The
reduction of total inductance can lead to a significant reduction of both physical
size and material costs. The smaller inductance value also improves the transient
performance of the DC-DC converter. [22]
4.2 L and LC filter
High-frequency switching generates ripple in the output of the DC-DC converter.
Passive filters consisting of inductors and capacitors are used in order to minimize
the current and voltage ripple. Multiple different filter topologies exist. The simplest
topology is called an L filter, which is a series inductor connected to the output of the
converter. A single-phase connection of an L filter is highlighted with a dashed line
in Figure 18. The Bode diagram of the L filter is shown in Figure 19. The diagram
describes the behaviour of the L filter in the frequency domain. The L filter is a
first-order filter with 20 dB attenuation per decade over the whole frequency range.
The impedance of the L filter increases as the frequency increases, i.e., the attenuation
of the signal is proportional to the frequency. Increasing switching frequency moves
current ripple components to higher frequencies but also increases switching losses of
the semiconductor switches. [23]
Figure 18: Single-phase connection of LC filter.
A single-phase connection of an LC filter is shown in Figure 18. A capacitor added in
parallel with an inductor forms a second-order filter with resonance frequency f0. As
seen from the Bode diagram in Figure 20, the frequency range is divided in two at the
resonance frequency. The filter has no gain on frequencies less than f0. On frequencies
greater than f0, the filter provides 40 dB attenuation per decade. The LC filter should
be designed so that none of the harmonic components of the signal are amplified
by the gain surrounding the resonance frequency. The resonance frequency is also
affected by the load impedance. A damping circuit can be added to suppress the gain
at resonance frequency. However, an additional damping resistor is not preferable for
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Figure 19: Bode diagram of an L filter with Lf = 360 µH.
power ratings greater than hundreds of kilowatts, since the power dissipation of the re-
sistor becomes large. [20][23] The resonance frequency of the LC filter is calculated as:
f0 =
1
2pi
1√
LC
(28)
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Figure 20: Bode diagram of an LC filter with Lf = 60 µH and Cf = 1000 µF.
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4.3 LCL filter
LCL filters are widely used for AC-side filtering in grid connected inverters. A
single-phase connection of an LCL filter is shown in Figure 21. In AC-side filtering,
the LCL topology is preferred over LC since the additional inductor improves the
decoupling between the filter and the grid impedance, thus reducing the dependence
of the grid parameters. Also compared to an LC filter, the current stress over the
grid side inductor is smaller. [23]
Figure 21: Single-phase connection of an LCL filter.
Figure 22 shows the Bode diagram of an LCL filter. The attenuation of the LCL
filter is 60 dB per decade at frequencies above the resonance frequency. The high
level of attenuation allows for lower switching frequency and inductance values.
The total inductance of an LCL filter can be made much smaller than in simple L
filters [24]. However, the LCL filter greatly magnifies frequencies near the resonance
frequency and is vulnerable to oscillations. While damping circuits can be added to
minimize the negative effects of the resonance frequency, resonance frequency is still
an important design parameter. [23]
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Figure 22: Bode diagram of LCL filter L1 = 60 µH, Cf = 105 µF, and L2 = 5 µH.
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When designing an LCL filter for the AC side, the resonance frequency of the filter
should be at minimum ten times of the fundamental frequency and at maximum one
half of the switching frequency. This way, the attenuation would not affect the grid
frequency while effectively dampening harmonics at the switching frequency. [23]
The resonance frequency of the LCL filter can be calculated as
f0 =
1
2pi
√
L1 + L2
L1L2C
(29)
4.4 Coupled inductors
The efficiency of an interleaved multiphase DC-DC converter increases when the filter
inductance increases since the reduced current ripple allows for e.g. reduced magnetic
losses. The output current ripple of a DDC is reduced via interleaved control methods
but the inductor current ripple remains unchanged. However, increasing the filter
inductance deteriorates the transient response of the DDC. A coupled inductor offers
a solution to the problem. The coupled inductor works as a nonlinear inductor in
a phase-shifted switching network, i.e. the equivalent inductance of the circuit is
different in steady state and during transient behavior due to magnetic coupling of
the windings. The design of the coupled inductor aims to achieve a high steady-state
inductance Lss and a low transient inductance Ltr. [6][22]
Figure 23: The two-phase coupled inductor structure and flux paths.
Coupled inductors consist of multiple windings wound around the same core, similar
to transformers. As such, the model of the coupled inductor is similar to the trans-
former. Figure 23 shows the two-phase coupled inductor structure. In the figure,
the solid red lines represent the leakage fluxes of both coils, and the dotted lines
represent the coupling fluxes. In coupled inductors, the flux generated by the current
of one coil also links to the adjacent coils.
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The phenomenon is called mutual inductance M and can be expressed as
M = αL (30)
where L is the self-inductance of the coupled coil and α is the coupling coefficient.
The coupling coefficient is a measure of magnetic coupling between the windings.
The values of the coupling coefficient lie between -1 and 1. A negative value of α
indicates inverse coupling and positive value of α indicates non-inverse coupling
between the windings. For non-coupled inductors α = 0. The voltages and cur-
rents of the two-phase coupled inductors are related by the following equations. [1] [22]

u1 = L1
di1
dt
+Mdi2
dt
u2 = L2
di2
dt
+Mdi1
dt
(31)
Figures 24 and 25 show the current and voltage waveforms for both coupled inductor
and non-coupled inductor of a two-phase Buck converter for D < 0.5 and D > 0.5.
The waveforms of coupled inductor are marked with solid line. The phase-shifted
switching network causes the equivalent inductance of the coupled inductor to change
during the switching cycle. The reason for this is the different current and voltage com-
binations seen in Figures 24 and 25. The equivalent inductances Leq1, Leq2 and Leq3
are needed to analyze the steady state and the transient behavior of the circuit and
they are determined by both mutual and self-inductances and the duty cycle. [22] [25]
The steady-state inductor current ripple affects the converter efficiency. Therefore,
the steady-state inductance can be defined using inductor current ripple as a crite-
rion. As seen from Figure 24, the equivalent inductance Leq1 determines the inductor
current ripple in steady state when D < 0.5. Correspondingly from Figure 25 can be
deduced that the equivalent inductance Leq3 determines the inductor current ripple
in steady state when D > 0.5. Hence, the steady-state inductance for these two
operation ranges is determined as:

Lss = Leq1 =
L2 −M2
L+ D
D′
M
, D < 0.5
Lss = Leq3 =
L2 −M2
L+ D
′
D
M
, D > 0.5
(32)
where D′ = 1−D. [26]
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Figure 24: Current and voltage waveforms for coupled and non-coupled inductors of
a Buck converter when D < 0.5. Dashed lines represent the current waveforms of
two non-coupled inductors. [22]
Figure 25: Current and voltage waveforms for coupled and non-coupled inductors
of a Buck converter when D > 0.5. Dashed lines represent the waveforms of two
non-coupled inductors. [22]
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The transient criterion equals the slew rate of the current during transient response.
Figure 26 shows the system transient response to a duty cycle perturbation ∆D.
Red line corresponds the waveform changes due to ∆D. It can be derived that Leq2
determines the transient response of the phase current in two-phase Buck converter.
Therefore, the transient inductance Ltr equals Leq2 and is determined as:
Ltr = Leq2 = L+M < L (33)
Figure 26: Transient voltage and current waveforms for the two-phase coupled-
inductor of a Buck converter. [22]
Equation (33) shows that the inversely coupled inductor reduces the transient in-
ductance, and therefore, increases the the transient performance of the multiphase
Buck converter. The inversely coupled inductor may also increase the steady-state
inductance of the multiphase Buck converter. [22]
The above analysis and equations are valid for the two-phase coupled inductor and
may be extended for n-phase coupled inductors. Appendix A presents the analysis
and derivation of equations for a three-phase coupled inductor. The analysis is
divided into three cases based on the duty cycle D.
The coupled inductor is designed to have reduced steady-state current ripple while
exhibiting a similar transient response as the non-coupled inductor. This is achieved
by having a large |α| and Ltr = Lnc. Therefore, the ratio of the peak-to-peak cur-
rent ripples of the n-phase coupled inductor and the non-coupled inductor can be
expressed as the ratio of the transient inductance and the steady-state inductance. [22]
Ic,p2p
Inc,p2p
= Ltr
Lss
(34)
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The ratio of Ltr and Lss can be determined as the figure of merit (FOM) of the
multiphase Buck converter with a coupled-inductor. Figure 27 shows this FOM
as a function on duty cycle D. The maximum ripple reduction depends on the
steady-state duty cycle and the number of coupled phases. A greater phase current
ripple reduction is achieved with a wider range of duty cycles as the number of
coupled phases increases. [22]
Figure 27: The ratio of the Ltr to Ls as a function of the duty cycle D for a various
number of phases n with coupling coefficient α = −0.8. [22]
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5 Filter design
The objective of this thesis is to find a filter design that fulfills the requirements
stated in Table 1 while achieving better power density and lighter design. These
requirements originate from a reference design with an inductance of 360 µH.
This chapter presents three filter designs based on the topologies described in Chapter
4, forming equations for calculating the component values of each filter topology
and verifying the performance of the solutions through simulation. Finally, example
inductor designs of the presented topologies are compared.
Table 1: Filter inductor design requirements.
Requirements
Bmax 0.8 Maximum allowed flux density [T]
fsw 4000 Switching frequency [Hz]
Lmin 150 Minimum filter inductance (per phase) [µH]
Io 600 Rated output current of DC-DC converter [A]
io,p2p 60 Maximum allowed output current ripple (10 %)[A]
UDC 1000 Rated input voltage of DC-DC converter [V]
xyoke 210 Core length of the filter inductor [mm]
yyoke 110 Core width of the filter inductor [mm]
ztot 260 Total height of the filter inductor [mm]
5.1 LC and LCL filter
LC and LCL are higher-order filter topologies that have good ripple attenuation even
with small inductance values. However, selecting sufficient component values for LC
and LCL filters is more complicated compared to the simple L filter. In order to
fulfill the attenuation requirements and not bring harmful oscillations to the system,
the filters need to be designed carefully. [23] Also, the inductance value must be
large enough to keep the converter in CCM with the rated output current.
In this section, the sufficient component values for LC and LCL filters are derived.
The simulation model to verify filter performances is presented and simulations
results are discussed.
5.1.1 AC equivalent circuit analysis for LC and LCL filter
In order to simulate the performance of LC and LCL filter topologies with DDC,
the component values for both topologies need to be calculated. Equation (8) that
describes the output current ripple of an n-phase interleaved DC-DC converter with
L filter, is not applicable with higher-order topologies.
33
Figure 28 shows the equivalent circuit of the DDC and LCL filter. A DC voltage
source EBatt and a series resistance RBatt form the battery system acting as a load
of the DDC. The voltage over the battery system is lower than the input voltage of
the DC-DC converter. The equivalent circuit is similar to the LC filter apart from
the second inductance Lf2.
Figure 28: Three-phase interleaved DC-DC converter with LCL output filter and
battery system.
Using AC analysis, it is possible to determine the output current ripple for both
converter topologies, LC, and LCL. Figure 29 describes the conversion of the three-
phase equivalent circuit to a single-phase counterpart. By means of Fourier analysis,
it is possible to divide the rectangular input voltage into its spectral components.
The frequency component of the voltage waveform at triple the switching frequency is
sinusoidal. Therefore, the input voltage seen by the filter structure can be modelled
as a sinusoidal voltage source En. The battery DC voltage source is shorted and the
output current ripple is calculated using the following equations:
Eˆn,j =
∣∣∣∣∣ 2piUDC sin((1− nD)pi) 12j + 1
∣∣∣∣∣ (35)
Ztot = snLf1 +
RBatt + snLf2
snCf
(
snLf2 +RBatt +
1
snCf
) (36)
io,p2p = 2
∣∣∣∣∣∣∣∣∣
Eˆn,j
Ztot(sn)
×
1
snCf
snLf2 +RBatt +
1
snCf
∣∣∣∣∣∣∣∣∣ (37)
where j is the harmonic number (j = 0 for n times the switching frequency compo-
nent), sn = 2pinfsw is the Laplace variable, and Ztot is the total impedance of the
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equivalent circuit. For LC filter Lf2 = 0. For a more accurate result, more harmonic
components can be included for the calculation (j = 1,2,...). The output current
ripple can be determined with sufficient accuracy by the nfsw component, i.e., j = 0.
Figure 30 shows the the calculated battery current ripple for LC filter over Lf1 and
Cf . The battery current ripple can be adjusted by changing the inductance and
capacitance values. [2]
Figure 29: A single-phase equivalent circuit of the DC-DC converter and LCL filter.
In the model and calculations Lf1 = L1 = L2 = L3. [2]
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Figure 30: Battery current ripple over Lf1 and Cf for DDC and LC filter. In the
graph Lf1 ∈]150, 350[, Cf ∈]100, 1000[, and ∆iB ∈]20, 120].
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Higher-order filters may cause harmful resonances to the converter circuit. Thus,
resonance frequency of the filter is an important design variable. A rule of thumb is
that the resonance frequency should be under half of the total switching frequency,
here f0 < 6 kHz. However, in this thesis even 7.5 kHz resonance frequency is
considered acceptable. When calculating the resonance frequency of the filter circuit,
Lf1 acts as three parallel connected individual inductors.
5.1.2 Simulation of LC and LCL filters
The performance of the dimensioned LC and LCL filters was verified through simula-
tion. The software used for circuit simulations is ANSYS Simplorer. The simulation
model presented in Appendix B corresponds to the equivalent circuit in Figure 28.
All components in the model are assumed to be ideal; only the battery system has
a series resistance RBatt of 18.5 mΩ. All simulations were conducted with D = 0.5
since it maximizes the output current ripple of the DDC.
In the model, the input of the DDC is an ideal DC voltage source. In a real-life
application this could be e.g., a DC intermediate circuit of a frequency converter.
Modeling an intermediate circuit as an ideal DC source is sufficient since only the
steady-state behavior of the circuit is considered. It can also be assumed that the
inductor currents are below the saturation point. Therefore the inductance value
remains constant throughout the simulations.
Table 2: Simulated current ripple of the LC filter compared to the calculated value.
(UDC = 1000 V, D = 0.5 and fsw = 4 kHz)
Lf1[µH] Cf [µF] In,p2p [A] Io,p2p [A] Io,p2p (calculated) [A]
290 300 215.7 60.3 53.8
260 465 240.6 59.1 54.6
205 805 305.2 58.3 55.0
180 1000 347.6 57.4 54.9
The simulation results for the LC filter are presented in Table 2. The simulated
peak-to-peak values are predictably higher than the calculated ones. The reason
for this is that only the harmonics at n multiples of the switching frequency were
included in the calculations, as discussed in Chapter 5.1.1. This estimation creates
a difference of approximately 10 % between the calculated and simulated values.
Figure 31 shows the amplitudes of the output current spectral components. It is
noticeable that the amplitude of the 12 kHz component is very close to half of the
calculated ripple value. There is also ripple components at multiples of 12 kHz.
According to Figure 31, the highest harmonic component of the output current is 36
kHz with an amplitude of approximately 1 A.
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Figure 31: LC-filter output current spectre with Lf1 = 180 µH and Cf = 1000 µF.
Amplitudes from left to right: 600 A at DC, 27.3 A at 12 kHz, 0.9 A at 24 kHz and
1.1 A at 36 kHz.
Figure 32 shows the output and inductor currents of the DDC and the LC filter
circuit. It can be seen that the output current waveform and peak-to-peak values
are very similar in all simulated filters. However, the inductor current peak-to-peak
values differ significantly from each other. The lower the inductance value of the LC
filter, the higher the inductor current ripple. From this, we can conclude that the
filter inductance value drastically affects the capacitance required in order to limit
the current ripple within the allowed range.
Figure 32: Simulated output current and inductor currents of the LC filter circuit.
Corresponding component values of the waveforms: green: Lf1 = 180 µH and
Cf = 1000 µF, red: Lf1 = 205 µH and Cf = 805 µF, blue: Lf1 = 260 µH and
Cf = 465 µF, orange: Lf1 = 290 µH and Cf = 300 µF.
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Table 3 shows the simulation results of the LCL filter. Similar to the case of the
LC filter, the simulated peak-to-peak values are higher than the calculated ones,
for the previously discussed reason. As seen from the table, all simulated current
ripples are below 10 % of the nominal output current. Output current spectrum
of LCL filter is shown in Figure 33. Comparing the output current ripple calcu-
lated with Lf1 = 180 µH, Lf2 = 5 µH, Cf = 105 µF and two times the amplitude of
the 12 kHz component in the spectrum, we find that the values are close to each other.
Table 3: Simulated current ripple of the LCL filter compared to the calculated value.
(UDC = 1000 V, D = 0.5 and fsw = 4 kHz)
Lf1[µH] Lf2[µH] Cf [µF] In,p2p [A] Io,p2p [A] Io,p2p (calculated) [A]
200 7 70 314.5 53.9 48.2
180 5 105 348.8 54.0 47.8
170 10 55 371.0 56.1 48.0
The simulated output current and inductor currents for the LCL filter with Lf1 =
180 µH, Lf2 = 5 µH, Cf = 105 µF are presented in Figure 34. As seen from the
figure, there is a small amount of oscillation at the resonance frequency in the output
current of the LCL filter. It can be noticed that the resonance frequency component
is also visible in Figure 33, which suggests that the resonance frequency component
is amplified in the circuit. As the components in the simulation model are ideal
and there are no damping resistances, even small disturbances may lead to strong
resonance in the circuit. By adding component and wire resistances of a few mΩ to
the model, the resonance is suppressed.
Figure 33: LCL-filter output current spectre with Lf1 = 180 µH, Lf2 = 5 µH and
Cf = 105 µF. Amplitudes from left to right: 600 A at DC, 0.7 A at 4 kHz, 1.1 A at
7.25 kHz and 24.4 A at 12 kHz.
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Figure 34: Simulated output current and inductor currents of the LCL filter circuit
with Lf1 = 180 µH, Lf2 = 5 µH and Cf = 105 µF.
As for the LCL filter output current spectrum, it can be observed that the switching
frequency component (4 kHz) is interestingly nonzero. According to the Chapter
2.3, the 4 kHz component should disappear from the spectrum in the summation of
the phase currents. Usually, nonidentical phase inductance values lead to unequal
amplitudes of the phase currents. When the current values of the phases are not
equal, the summation is imperfect and current ripple components at the switching
frequency appear in the output current instead of the expected number of phase times
the switching frequency. The phenomenon also increases the peak-to-peak value of
the output current. In the LCL circuit, the source of the current imbalance is not
the unequal inductance values but the voltage fluctuation of the filter capacitor. The
capacitance of the LCL filter is considerably smaller compared to the LC filter, and
thus the voltage ripple of the capacitor is higher in the LCL filter circuit. Also, in the
simulation model of the LC filter circuit, the DC voltage source is parallel-connected
to the filter capacitor. Therefore, the voltage ripple over the capacitor is reduced
significantly.
As expected, the higher-order filters dampen higher harmonic frequencies effectively.
Comparing the two spectrums in Figures 31 and 33, we notice more harmonic com-
ponents in the LC filter spectrum. In the LCL output current spectrum, the highest
frequency is three times the switching frequency, i.e., 12 kHz, while for LC it is 36
kHz. It can be deducted from the results that even a small inductance of 5 to 10 µH
significantly reduces the required filter capacitance value for the same output ripple.
Therefore, for the same Lf1, the filter capacitance can even be ten times smaller,
compared to the capacitance of the LC filter circuit.
In conclusion, both LC and LCL filter topologies lead to a considerable reduction
of the phase inductance value due to more effective attenuation of high-frequency
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components. They also change the output current waveform compared to the L filter.
The explanation for this is that the sum of the phase currents is a triangular wave
and generates sinusoidal voltage ripple in the capacitor, which in turn results in
sinusoidal current ripple on the load side.
5.2 Coupled inductor
Coupled inductor has multiple advantages over the higher-order topologies. With
careful design of a coupled inductor, it is possible to extend the ripple reduction from
the output current to the phase currents and improve the transient performance of
the system. [22]
The following chapters discuss dimensioning and simulation of a three-phase coupled
inductor. First, the parameter values for the equivalent circuit are calculated. The
simulation model and results are discussed in the next chapter.
5.2.1 Dimensioning coupled inductor
Dimensioning a coupled inductor filter for DDC requires a different approach than
conventional LC and LCL filters. The objective of the design was to keep the transient
response of the circuit unchanged while reducing the phase current ripple. The output
current ripple should not exceed 10 % of the nominal output current. The reduction
of the phase current ripple reduces both the switching losses of the semiconductors
and the required cooling capacity of the power module.
Figure 35: Three-phase interleaved DC-DC converter with a coupled inductor output
filter and a battery system. To keep the output current ripple and the transient
response of the system unchangeable, Llk = Ltr.
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Figure 35 shows the equivalent circuit of the DDC with a three-phase coupled inductor
output filter and a load. The coupled inductor is modeled as an ideal three-phase
transformer with three leakage inductances Llk and mutual inductance M . The
structure of the coupled inductor is symmetrical, i.e., mutual M and leakage induc-
tances Llk of each phase are equal. For inverse coupling, M < 0. Similar to the LC
and LCL filter circuits, the load consists of a DC voltage source EBatt and a series
resistance RBatt.
In order to analyze the steady-state and transient behavior of the circuit, we need to
calculate the corresponding steady-state and transient inductances Lss and Ltr as in
Chapter 4.4. For a three-phase coupled inductor, the analysis is divided into three
parts based on the value of D: 0 ≤ D < 1/3, 1/3 ≤ D < 2/3, and 2/3 ≤ D < 1.
The equations for calculating steady-state and transient inductances are introduced
here. The derivation of the equations is presented in Appendix A.
For 0 ≤ D < 1/3
Lss =
(L−M)(L+ 2M)
L+
(
1 + 2D
D′
)
M
, (38)
for 1/3 ≤ D < 2/3
Lss =
(L−M)(L+ 2M)
L+
( 2
3DD′ − 1
)
M
, (39)
and for 2/3 ≤ D < 1
Lss =
(L−M)(L+ 2M)
L+
(
1 + 2D
′
D
)
M
(40)
To keep the transient response of the circuit equal to the response of the non-coupled
reference design, the transient inductance should equal the non-coupled inductance,
i.e., Ltr = Lnc = 360 µH. The transient inductance of the three-phase coupled
inductor is
Ltr = L+ 2M (41)
Unlike the steady-state inductance Lss, the transient inductance Ltr does not change
with the duty cycle D. This can be explained as follows. Figure 36 shows the trans-
formation of the three-phase coupled inductor circuit to its single-phase counterpart.
The equivalent inductance of the single-phase circuit equals three parallel-connected
transient inductors. Therefore, it can be deduced that the transient inductance
of each phase equals the leakage inductance of each phase, i.e. Llk = Ltr. As a
result, the output current ripples of the three-phase coupled inductor filter and the
non-coupled reference design are equal since Llk = Ltr = Lnc. [6][22]
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The mutual inductances and self-inductances needed for the calculations can be
derived from the coupling coefficient definition for the three-phase coupled inductor.
M = αL2 (42)
Substituting this to Equation (41), we get
L = Ltr
α + 1 =
Lnc
α + 1 (43)
We may conclude that while the leakage inductance Llk remains constant, the mutual
inductance M changes with respect to the coupling coefficient α. Also, the steady-
state inductance Lss seen by the circuit and thus the phase current ripple change
with respect to D and α.
Figure 36: Transformation from a three-phase coupled inductor circuit to a single-
phase equivalent circuit. In the model U = U1 = U2 = U3.
5.2.2 Simulation of the coupled inductor
The performance of the output filter consisting of a coupled inductor was verified
through simulation. The software used for circuit simulations is ANSYS Simplorer.
The simulation model corresponds to the equivalent circuit presented in the previous
chapter. The filter inductances are modeled using mutualM and leakage inductances
Llk. The leakage inductance Llk of the model equals the transient inductance Ltr
calculated in the previous chapter, and the mutual inductance M is defined by the
self-inductance and coupling coefficient. As opposed to the LC and LCL filters
simulation model, the equivalent inductance of the filter is not constant throughout
the simulations since the values of the coupling coefficient α and duty cycle D are
varied in the simulations. Only inversely coupled inductors are simulated, i.e., α ≤ 0.
As equations in Chapter 5.2.1 suggests, the steady-state inductance Lss seen by the
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circuit depends on both the duty cycle D and the coupling coefficient α. There-
fore, the phase current ripples should change when one or both of these values change.
Other components of the model are the same as in LCL and LC filters outlined in
Chapter 5.1.2. The simulated current ripples of the coupled inductor are compared
to the simulated values of the non-coupled inductor of 360 µH. More details of the
simulation model are presented in Appendix C.
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Figure 37: Current ripple ratio of the coupled inductor to the non-coupled inductor
vs. the duty cycle D with different coupling coefficient values α.
Figure 37 shows the effect of the duty cycle D (x-axis) to the relative phase current
ripple reduction (y-axis), for different values of the coupling coefficient α. The closer
α is to -1, i.e., the more ideal the coupling is, the better the ripple reduction is
compared to the non-coupled inductor. It can be seen from the figure that for a three-
phase interleaved DC-DC converter, the ripple reduction is most effective with duty
cycleD values of 1/3 and 2/3. The notches in the curve are steeper the closer α is to -1.
Figure 38 shows the simulated coupled inductor currents. The waveforms of α = −0.05
and α = −0.25 resemble the waveforms of the non-coupled inductor. Instead, the
waveforms of α = −0.6 and α = −0.95 are clearly different from the non-coupled
case. As expected, the output current waveform and ripple remains unchanged in
all simulation cases when α varies from 0 to -1. Instead, the phase current ripples
and waveforms change significantly as α approaches -1. As the coupling coefficient α
approaches -1, the frequency of the phase current triples and peal-to-peak value is
reduced by approximately 85% compared to the non-coupled reference design.
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Figure 38: Coupled inductor current waveforms: turquoise α = −0.95, red α = −0.6
light green α = −0.25 and dark blue α = −0.05 and D = 0.5.
Figure 39 shows the simulated inductor phase currents with α = −0.95 and D = 0.5.
As the coupling coefficient α approaches -1, the phase currents are nearly equal and
in-phase. Since the output current is a sum of these nearly equal phase currents, the
output current ripple does not change compared to the non-coupled case. However, a
high coupling coefficient decreases the phase current ripples and increases the ripple
frequency.
Figure 39: Coupled inductor phase currents with α = 0.95. and D = 0.5.
In addition to the coupling coefficient α, the duty cycle D plays an important role in
the relative phase current ripple reduction. Figure 40 shows the effect of the coupling
coefficient α to the phase current ripple reduction, for different values of the duty
cycle D.
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Figure 40: Current ripple ratio of the coupled inductor to the non-coupled inductor
vs. the coupling coefficient α with different duty cycles D.
The figure supports the theory that the most effective ripple reduction is achieved in
local minimums 1/3 and 2/3 as the FOM is at its minima.
It can be concluded that the simulated current ripple ratios follow closely to the
theoretical ones. The curves of Figure 37 resemble the FOM of n = 3 in Figure 27.
It can be seen from the graphs that, compared to the two-phase coupled inductor
discussed in Chapter 4.4, it is possible to achieve larger current ripple reduction in a
wider duty cycle range with the three-phase coupled inductor. Also, Figure 37 shows
that when the coupling coefficient α approaches zero, the duty cycle D has a lesser
effect to the ripple reduction. It can be deduced from the simulation results that the
equivalent circuit and the simulation model describe the operation of a three-phase
coupled inductor accurately.
45
5.3 Comparison of different output filter designs
This chapter focuses on the design of a first filter inductor, i.e. phase inductor of the
DDC. A classic design approach of an inductor is discussed. A reference design is
used as the basis for the new design. After this, the cost-effectiveness and quality of
the new design is evaluated. Also a design proposal for coupled inductor is briefly
discussed and reviewed.
General magnetic laws and theory presented in Chapter 3 are involved in the design
process. In addition to this, many different approaches may be taken in order
to optimize the design depending on the application. The objective of this work
was to design such an output filter that fulfills the requirements stated in Table 1
while achieving better power density. Therefore, the physical size and weight of the
component played an important role in the design.
A flow chart of typical inductor design procedure is illustrated in Figure 41. The
process starts from the electrical values. Inductance value L, peak current Ip and
RMS current are determined, e.g., based on calculations and simulations. After this,
a suitable core geometry and material are chosen. At this point, the core dimensions
are determined. When designing the windings of the inductor, a few rules need to
be considered. The number of turns should respect the following inequality to avoid
saturation of the core.
BsatNAc > LIp (44)
The inequality ensures that core saturation will not occur in the expected current
range of the component. In turn, the number of turns N affects on the winding
style and wire diameter selection. The windings should fit in the window area of the
core. After this, the required air gap length to achieve the desired inductance value
is determined. As a rule of thumb, if the total air gap length lg exceeds 5% of the
smallest core dimension, the gap needs to be divided into several subgaps in final
design to avoid fringing effect. [27]
The calculated winding and core losses serve as evaluation criteria for the made
design choices. If the calculated winding losses are too big, either the diameter of the
used wire or the number of windings need to be changed. Current density (A/(mm2))
in the wire is also a good indicator for possible thermal challenges. In case of big core
losses, the core material could be changed or the size of the core increased. Since the
accurate calculation of losses is difficult and often leads to approximations, a thermal
characteristics of the component should be simulated to validate the results. After
this, in-circuit testing is conducted for a prototype inductor to verify the design. In
conclusion, the design process requires iteration to find the most optimal core and
winding solution. [27]
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Figure 41: A flow chart of the inductor design procedure.
According to the simulation results of Chapter 5.1.2, a phase inductance value of
180 µH is sufficient for LC and LCL filters. Also, it happens to be exactly half the
reference inductance value. An interesting comparison can be made by studying how
halving the inductance value effects on the design when used power range remains
unchanged. Therefore, an inductance value of 180 µH was chosen for the example
design. The simulated current peak value for L = 180 µH was approximately 375 A,
but 400 A was used in design in order to allow a margin of error.
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Figure 42: Example inductor design for L = 180 µH.
The reference design of 360 µH worked as a basis of the new design. Thus, the core
geometry and material were chosen to be equal to those of the reference inductor.
Also the wire shape and thickness were chosen to match the windings of the reference
design. This also simplified the comparison of the advantages and challenges of the
new inductor design. Figure 42 illustrates the example design of 180 µH.
Table 4: Design variables of the new inductor design of L = 180µH and difference to
the reference design of L = 360µH.
DV Description Value Value ∆ %
xyoke Core length of the filter inductor 180 mm -14.3 %
yyoke Core width of the filter inductor 90 mm -18.2 %
ztot Total height of the filter inductor 230 mm -11.5 %
lg Total air gap length 16.5 mm -8.3 %
Ac Cross-sectional area of the core 4500 mm2 -37.1 %
N Number of turns per coil 23 -14.8 %
mL Total mass on the inductor 29 -38.3 %
Table 4 compares the example design to the reference design of 360 µH. As seen from
the table, halving the inductance value reduces the physical size of the component
significantly. Smaller dimensions lead to reduction of both winding and core material
cost. However, the losses of the new design are considerably increased. The reason
for this is that the approximately 93 % increase in inductor current ripple leads to
increased peak value of the magnetic flux, and thus, increased core loss. Resulting
core loss is almost double compared to the reference design. Considering semicon-
ductor switches, increased current ripple reduces the turn-on losses while increasing
the turn-off losses. In any case, the current stress of the semiconductors increases.
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All previously mentioned factors lead to increased requirements for cooling capacity.
A study of an LCL filter design for a three-phase PFC rectifier came to a similar
conclusion: there is always a trade-off between the volume and losses in filter design.
[28]
Figure 43 introduces an example structure of a three-phase coupled inductor. The
structure resembles a traditional three-phase inductor apart from two extra pillars
on both sides. In a coupled inductor structure, a part of the flux generated by one
winding goes through other windings. Since the windings are inversely coupled,
the fluxes generated in the other windings are partially canceled out. The mutual
inductance of the core is determined by the ratio of the flux going through the other
windings to the total flux. [26] Additional limbs on both sides of the structure provide
a path for the leakage flux that does not go through the inner three limbs. In order
to achieve strong coupling between the windings, the magnetic reluctances of the
outer pillars should be greater than those of the inner limbs. This can be achieved
by adding larger air gaps to the outer pillars or by reducing the cross-sectional area.
It is also possible to use a different magnetic material for the outer pillars.
Figure 43: An example structure for coupled inductor.
The coupled inductor structure shown in Figure 43 is not entirely symmetrical.
However, if each limb has an air gap, it can be assumed with sufficient accuracy
that the air gap reluctances dominate in the reluctance network. Then, the asym-
metry caused by the different lengths of the magnetic paths can be neglected. The
reluctance network of the coupled inductor core is simplified to the form shown in
Figure 44. Since the reluctance network is symmetrical, it holds <g,1 = <g,2 = <g,3
and N1iL1 = N2iL2 = N3iL3. The approximation could form a basis for the design of
a coupled inductor.
The proposed structure is not the only possible option. Another possible symmetrical
structure for an n-phase coupled inductor is proposed in [29]. The structure consists
of n radially distributed legs around one center leg. The coupling factor between the
windings can be adjusted by changing the air gap length of the center leg.
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Figure 44: The reluctance network of a coupled inductor structure. For symmetrical
coupled-inductor structure it holds <g,1 = <g,2 = <g,3 and N1iL1 = N2iL2 = N3iL3.
At any rate, designing the coupled inductor requires careful planning in order to
maximize its performance. Manufacturing of the component may be difficult and
therefore expensive.
All in all, a comparison between different filter topologies (LC and LCL) and a
coupled inductor is difficult. LC and LCL filters allow for smaller inductance at
the expense of high inductor current ripple and the resulting excessive power loss,
whereas the usage of a coupled inductor leads to smaller phase current ripples while
maintaining the same output ripple level. Adding a DC film capacitor to the filter
circuit and halving the filter inductance value is the most cost-effective solution,
compared to the reference filter. The capacitor is small and inexpensive component
compared to an inductor. As for the LCL filter, the circuit suffers from unwanted
resonances, and would also require an additional inductor design. Even though
the inductor could have an air core and be rather small, an extra component and
design would increase the total cost of the filter. Therefore, the LC filter is a more
cost-effective solution compared to both L and LCL filters. With regard to the
coupled inductor design, the technology requires further investigation and simulation
of the magnetic behavior for different core structures.
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6 Conclusions
This thesis studied the output filter of a bi-directional interleaved three-phase DC-DC
converter (DDC). In order to minimize the output current ripple and the consequent
losses, the filter inductance is required to be sufficiently large. However, the size
and cost of the filter increase with the inductance. In addition to this, a large filter
inductance deteriorates the transient response of the DDC.
In a three-phase interleaved DC-DC converter, the filter inductor consists of three
parallel-connected inductors. The interleaved control method and parallel-connected
separate inductors reduce the size and weight of a single component. Also, the control
method reduces the output current ripple, and thus, the required filter inductance.
Therefore, a further reduction of filter inductance while maintaining the same output
current ripple level requires a different design approach.
The purpose of this study was to find the best output filter design for DDC with
respect to cost-efficiency and power density. The literature review presents the
theoretical background about the DC-DC converters, electromagnetic laws, inductor
structure, magnetic materials and filter topologies. The review discusses the losses
in both switch-mode power converters and magnetic components.
Based on the literature review, three filter designs were chosen for simulations: LC,
LCL and the coupled-inductor. Electrical values for simulations were determined
using a single-phase equivalent circuit. The simulation results for LC filter and
the coupled-inductor were promising while the LCL filter suffered from unwanted
resonance and current imbalance. Based on the simulations results, an example
design for a 180 µH inductor was made using the reference design of 360 µH as a
basis for the new design. An example structure for the coupled-inductor was analysed.
Finally, the designs were compared against each other and the most cost-effective
solution was presented.
Comparing LC and LCL filter topologies and the coupled-inductor filter proved to be
difficult. While the LC filter is the most cost-effective solution, it comes with its own
set of problems. The reduction of the filter inductance by 50 % results in a 93 % in-
crease in inductor current ripple, and thus, a significant increase in core loss. In filter
design, the whole system should be considered to achieve an ideal result. This study
confirms that there is always a trade-off between the volume and losses in filter design.
The coupled-inductor showed promising results in the simulations. However, the
proposed structure requires further investigation and simulation of the magnetic flux
paths. The reluctance network presented in the previous chapter could be a starting
point for the design, however core materials for different parts need to be selected
based on the magnetic simulations and more accurate reluctance model. The losses
in the coupled-inductor and the transient behavior need to be studied and simulated
as well. Also, other alternative structures with inverse magnetic coupling should be
considered.
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This thesis did not include thermal modeling or simulations of the proposed 180 µH
filter design. Loss calculations of the filter give an initial approximation of the
thermal behavior which should be verified either by a simulation or a prototype for
in-circuit tests. At any rate, significantly increased core losses require a more efficient
cooling system compared to the reference design. The reference design of 360 µH
formed a basis for the new design to simplify the comparison. By choosing a different
core geometry, core material and windings, it is possible to optimize the design with
respect to the losses. Still, optimizing some parameters in the system deteriorate
other parts of the system.
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Appendix A
This appendix describes the derivation of the equations used for calculating simula-
tion parameters for coupled inductor. The contents of this appendix are based on
the work done in [22].
The current and voltage equations for a three-phase coupled inductor are:
u1 = L1
di1
dt
+Mdi2
dt
+Mdi3
dt
u2 = L2
di2
dt
+Mdi1
dt
+Mdi3
dt
u3 = L3
di3
dt
+Mdi1
dt
+Mdi2
dt
(A.1)
where L1, L2 and L3 are the self-inductances for each phase and M is the mutual
inductance between two phase inductors. For a symmetrical coupled inductor it
holds that L1 = L2 = L3.
Figure A.1 shows the voltage waveforms and the current i1 waveform of a three-phase
coupled inductor in steady-state when 1/3 ≤ D < 2/3. In total, six switching
intervals occur during one switching cycle. We can consider the six inductances
Leq1 − Leq6, each corresponding to a switching interval, equivalent to those in non-
coupled inductor case. For different voltage and current combinations shown in
Figure A.1 six equivalent inductances can be derived:
Leq1 = Leq3 =
(L−M)(L+ 2M)
L+ D
D′
M
(A.2)
Leq2 =
(L−M)(L+ 2M)
L+
(
1 + 2D
D′
)
M
(A.3)
Leq4 = Leq6 =
(L−M)(L+ 2M)
L+ D
′
D
M
(A.4)
Leq5 =
(L−M)(L+ 2M)
L+
(
1 + 2D
′
D
)
M
(A.5)
where D′ = 1−D.
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Figure A.1: Three-phase coupled inductor Buck converter current and voltage wave-
forms in steady-state when 1/3 ≤ D < 2/3. Solid line depicts actual current and
voltage waveforms of the coupled-inductor, the black dashed line depicts the current
waveform of a single non-coupled inductor and the red dashed line depicts the average
current slope of a coupled inductor.
The steady-state inductance Lss is determined by the phase current ripple. As seen
from Figure A.1, unlike with the two-phase coupled inductor the peak-to-peak value
of the phase current is not determined by one of the equivalent inductances. By
defining the steady-state inductance as the inductance equivalent to that in the
three-phase non-coupled inductor of a Buck converter, we get the average current
slope depicted with red dashed line in Figure A.1. Using the average current slope,
the steady-state inductance Lss can be expressed as:
Lss =
1
1
Leq1
· 2(D − 1/3)
D
+ 1
Leq2
· 2/3−D
D
= (L−M)(L+ 2M)
L+
( 2
3DD′ − 1
)
M
(A.6)
The transient inductor current and voltage waveforms for three-phase coupled inductor
Buck converter are shown in Figure A.2. The transient inductance is defined as
the equivalent inductance which determines transient response to a duty cycle
perturbation ∆D.
∆i
Tsw
= ∆DUin
Ltr
(A.7)
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Figure A.2: Transient current and voltage waveforms for the three-phase coupled
inductor with a Buck converter when 1/3 ≤ D < 2/3. The waveform changes caused
by the duty cycle perturbation ∆D are marked with blue dashed line.
The current change ∆i in switching cycle Tsw is
∆i = (Leq1 −Leq4)∆D · Tsw + (Leq5 −Leq4)∆D · Tsw + (Leq1 −Leq2)∆D · Tsw (A.8)
From Equations A.7 and A.8 can be derived
Ltr = L+ 2M (A.9)
Figure A.3 shows the steady-state voltage current waveforms of a three-phase cou-
pled inductor when 2/3 ≤ D < 1. As in previous case, there are six equivalent
inductances Leq1−Leq6 corresponding each switching interval. By substituting differ-
ent voltage and current combinations shown in Figure A.3 into Equation (A.1), we get
Leq1 = Leq3 = Leq5 = L+ 2M (A.10)
Leq2 = Leq4 =
(L−M)(L+ 2M)
L+ D
D′
M
(A.11)
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Figure A.3: Three-phase coupled inductor Buck converter current and voltage wave-
forms in steady-state when 2/3 ≤ D < 1. Solid line depicts actual current and
voltage waveforms of the coupled-inductor and the red dashed line depicts the average
current slope of a coupled inductor.
Leq6 =
(L−M)(L+ 2M)
L+
(
1 + 2D
′
D
)
M
(A.12)
As seen from Figure A.3, the peak-to-peak value of the phase current can be deter-
mined by inductance Leq6. Therefore the steady-state inductance is
Lss = Leq6 =
(L−M)(L+ 2M)
L+
(
1 + 2D
′
D
)
M
(A.13)
The transient inductor current and voltage waveforms for three-phase coupled induc-
tor Buck converter are shown in Figure A.2. For ∆i we get
∆i = (Leq1−Leq6)∆D ·Tsw + (Leq1−Leq2)∆D ·Tsw + (Leq1−Leq2)∆D ·Tsw (A.14)
By substituting this to Equation (A.8) we get
Ltr = L+ 2M (A.15)
The value of the transient inductance is the same as for 1/3 ≤ D < 2/3. This is also
the leakage inductance of the three-phase coupled inductor. Therefore, it can be
deducted the leakage inductance of the coupled inductor determines the transient
performance of the three-phase coupled inductor Buck converter.
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Figure A.4: Transient current and voltage waveforms for the three-phase coupled
inductor with a Buck converter when 2/3 ≤ D < 1. The waveform changes caused
by the duty cycle perturbation ∆D are marked with blue dashed line.
The derivation of equations for case 0 ≤ D < 1/3 are not presented here since it
is the duplicate of the 2/3 ≤ D < 1 case. If D and D′ are exchanged in Equation
(A.6), we get the steady-state inductance equation for the 0 ≤ D < 1/3 case.
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Appendix B
This appendix describes the simulation model used in simulation for DDC with LC
and LCL filters in Chapter 5.1.2. The software used for circuit simulations is ANSYS
Simplorer. The LCL filter in the model consists three identical parallel-connected
inductors, common filter capacitance and second filter inductor. Figure B.2 shows
the parallel connected filter inductors. An ideal DC voltage source and a resistor act
as the load for the DDC. Simulated filter parameters are listed in Chapter 5.1.2 and
Table B.1 presents the remaining values used in the simulations.
Figure B.1: Simulation model for coupled inductor LC and LCL filter circuits.
Figure B.2: Parallel-connected filter inductors.
Table B.1: LC and LCL filter simulation model variables.
Variable Value Description
DCin1 500 V Input DC voltage source
DCin2 500 V Input DC voltage source
ES 500 V Energy storage voltage
ESR 18.5 mΩ Equivalent series resistance of the battery system
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Appendix C
This appendix describes the simulation model used in simulation for DDC with LC
and LCL filters in Chapter 5.2.2. The software used for circuit simulations is ANSYS
Simplorer. An ideal DC voltage source and a resistor act as the load for the DDC.
The coupling between the phases is implemented by ideal transformers with 1:1 turns
ratio and parallel connected mutual inductances. In the simulations, the duty cycle
D was swept through the range [0.1, 0.95] and the coupling coefficient α through
the range [-0.05, -0.95]. Llk and LM were calculated with regard to α and D using
equations from Chapter 5.2.1. Table C.1 presents the remaining parameter values
used in the simulations.
Figure C.1: Simulation model for coupled inductor.
Table C.1: Coupled-inductor simulation model variables.
Variable Value Description
DCin1 500 V Input DC voltage source
DCin2 500 V Input DC voltage source
Ll1 = Ll2 = Ll3 Llk Leakage inductance
LM1 = LM2 = LM3 M Mutual inductance
ES 500 V Energy storage voltage
ESR 18.5 mΩ Equivalent series resistance of the battery system
